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INTRODUCTION
The oxygen molecule plays an important role in human health, atmospheric photochemistry, and terrestrial chemistry. It is also one of the most abundant molecules in the Earth's atmosphere. Furthermore, the oxygen molecule is an interesting subject to many chemists, physicists, and aeronomists. Knowing the potential energy curve of the oxygen molecule, in various electronic states, should help in understanding its rich spectrum, 1 to calculate transport properties, 2 and to model the energy flow in the atmosphere of Earth and Venus. 3 The six lowest bound electronic states of the oxygen molecule ͑X 3 ⌺ g − , a 1 ⌬ g , b 1 ⌺ g + , c 1 ⌺ u − , C 3 ⌬ u , and A 3 ⌺ u + ͒ possess long radiative lifetimes ͑from 150 ms for A 3 ⌺ u + to 4000 s for a 1 ⌬ g ͒. This metastability allows the oxygen molecule to provide a significant reservoir of energy in chemical reactions and photochemistry in the atmosphere, and at the same time, it greatly impedes the spectroscopic study of the oxygen molecule. 4 The a 1 ⌬ g state of oxygen is important in biological chemistry and the b 1 ⌺ g + state appears in afterglow, dayglow, nightglow, and in auroras. 4 These six lowest bound electronic states have been studied experimentally and theoretically. Experimental characterization of these six bound states can be found in the literature. 4, 5 Many theoretical calculations for these six bound states have also been published in the literature; Schaefer and Harris 6 as well as Beebe et al. 7 using configuration interaction ͑CI͒ method with minimum basis sets studied these six bound states and many other electronic states. Furthermore, Schaefer 8 using a larger basis set and an extensive CI method calculated the potential energy curve of the X 1 ⌺ u − ground state. Moss 10 using a multireference CI method obtained accurate results for the six bound states and their spectroscopic constants. Recently, Minaev and Minaeva 1 using an ab initio multiconfiguration selfconsistent field ͑MCSCF͒ response method calculated potential energy curves of the six lowest bound states plus the double minima curves of the A 1 ⌬ u and f 1 ⌺ u + excited states as well as the important state B 3 ⌺ u − which makes up the Schumann-Runge absorption band. 5 Whereas there are several studies of O 2 using traditional ab initio CI and MCSCF methods, there is no study of these six lowest bound states with time-dependent density functional theory ͑TDDFT͒ in the literature. The present work uses the TDDFT method [11] [12] [13] for open shell molecular systems [14] [15] [16] at the Tamm-Dancoff approximation ͑TDA͒ level 17 and the spin-flip formalism published in the literature 18, 19 to study the potential energy curves of the six lowest bound states, plus the important state of B 3 ⌺ u − for the Schumann-Runge absorption and the two extra excited states A 1 ⌬ u and f 1 ⌺ u + . Spectroscopic constants for all of these electronic states and the excitation spectrum of the oxygen molecule are also presented here.
METHODOLOGY AND COMPUTATIONAL DETAILS
Excitation energies, , are calculated in TDDFT based on Eq. ͑1͒, [11] [12] [13] 20, 21 
where A and B are given as follows:
in terms of the Fock and density matrix elements F ia and P jb , respectively. In the above equations, i , j ,... are indices used for occupied orbitals and a , b ,... are indices for empty orbitals whereas p , q. . . are indices for general orbitals. These orbitals are all unperturbed and calculated from a KohnSham equation in the absence of a frequency dependent perturbation as
where
͑4͒
We can assume without loss of generality that the unperturbed orbitals that are solutions to Eq. ͑3͒ are either ␣ or ␤ orbitals and written in the two component representation as
͑5͒
Thus the spin-density matrix due to the occupied unperturbed orbitals can be written in diagonal form without loss of generality as
͑6͒
Here
is the Pauli z matrix, where
In the case where the spin-density matrix is diagonal the spin density can readily be defined as
The matrices A and B are according to Eq. ͑2͒ defined in terms of
where 0 is the unperturbed spin-density matrix of Eq. ͑6͒ and
In the case where j and b are of the same spin both and 0 are diagonal. Thus, F͑ ͒ ia as well as F͑ 0 ͒ ia are readily evaluated based on the regular collinear expression for the exchange correlation potential,
We obtain the expression
that is nonzero provided that i has the same spin as a and j the same spin as b.
On the other hand if j and b are of different spins, then the spin-density matrix of Eq. ͑11͒ is nondiagonal. In this case Eq. ͑12͒ does not apply. [22] [23] [24] However, we can perform a unitary transformation
such that the density matrix becomes diagonal,
where sЈ = ␣Ј␣Ј − ␤Ј␤Ј is the new spin density. In this representation we are able to make use of the collinear exchange correlation potential given by
We can finally obtain an expression for the exchange correlation potential in the original nondiagonal ͑␣ , ␤͒ representation by applying a unitary back-transformation on both sides of Eq. ͑16͒ to obtain
After some manipulations 25 one can express the right hand side of Eq. ͑17͒ in terms that are completely defined in the nondiagonal ͑␣ , ␤͒ representation. Thus,
The expression given in Eq. ͑18͒ is referred to as the noncollinear formulation for the exchange correlation potential. It deals with the relativistic limit where the spin-orbit operator can mix orbitals of different spins. However, we have shown 17, 18, 24 that it also is the formulation of choice in the nonrelativistic limit where a perturbation such as a spin flip mixes orbitals of different spins. Recently, a TDDFT formalism based on the noncollinear exchange correlation functional of Eq. ͑18͒ was published in the literature 18, 19 to deal with spin-flip transitions. In the spin-flip transition case, the derivative ‫ץ‬F ia / ‫ץ‬P jb is written as
Here i , a should be of different spin as should j , b. We shall in the following make extensive use of Eq. ͑21͒ and the newly implemented spin-flip TDDFT method. 18, 19 If the TDA ͑Ref. 17͒ is used, Eq. ͑1͒ for calculating excitation energies can be simplified as
All of the present calculations are performed using TDDFT with TDA approximation, which is referred to as TDDFT/ TDA.
To calculate excitation energies using the Amsterdam density functional 26-29 ͑ADF͒ program, first a SCF calculation is performed to obtain the orbitals and orbital energies. Different exchange correlation functionals were used in this step. Next, excitation energies are calculated as a post SCF step using the adiabatic local density approximation ͑ALDAxc͒. 30 The five exchange correlation functionals tested in the SCF step were the local density approximation change correlation potential 36 ͑LB94͒. Finally, the LB94 exchange correlation functional is chosen for computing the potential energy curves, molecular spectroscopic constants, and the excitation spectrum of the oxygen molecule. In the post SCF step, the ALDAxc ͑Ref. 37͒ was utilized for the exchange correlation kernel for all of the calculations, hence only the exchange correlation functional used in the SCF step will be used as reference in this paper. The ground state potential energy curve was calculated with the LDAxc functional. The excited state potential energy curves were obtained by combining the LDAxc ground state energies and the LB94 excitation energies.
The basis set used in the present calculations is the eventempered quadruple zeta plus three polarization functions and three diffuse functions ͑ET-QZ3P-3Diffuse͒ in the ADF basis set library. However, the effect of basis set on the excitation energies was assessed and will be presented in the next section. All of the convergence criteria used are the ADF default values, except the integration accuracy parameter, which is set to 6.
RESULTS AND DISCUSSION
In order to evaluate the quality of the basis used for further excitation energy calculations, the lowest eight excitation energies for the first excited state of each symmetry of the oxygen molecule have been calculated at the experimental bond length ͑1.2075 Å͒, 38 using the LDAxc exchange correlation functional with different qualities of basis sets ͑see Table I͒ . The results in Table I show that the excitation energy calculations with a spin flip are less sensitive to the choice of the basis set. For example, excitation energies to the singlet excited states of 1 ⌬ g and 1 ⌺ g + do not change when the quality of the basis set is increased from the TZ2P to the highest quality basis of ET-QZ3P-3Diffuse. However, spinpreserved electronic transitions from the highest occupied molecular orbital ͑HOMO͒ to the lowest unoccupied molecular orbital ͑LUMO͒ demand higher quality basis sets, e.g., the excitation energy to the triplet excited state 3 ⌸ g ͑1 g → 4 g ͒ changed by 0.61 eV by adding a second diffuse function to the ET-QZ3P-1Diffuse basis, whereas the highest quality basis, the ET-QZ3P-3Diffuse, has little improvement on the excitation energy, which is only changed by about 0.03 eV, and appears reasonably converged. While other kinds of transitions demand even higher quality of basis set, such as the triplet 3 ⌺ u − excited state, corresponding to the electron transition 1 g → 2 u , its excitation energy changes by 0.32 eV from ET-QZ3P-2Diffuse basis to ET-QZ3P-3Diffuse basis. Since the ET-QZ3P-3Diffuse is the highest quality basis set for oxygen in the ADF program basis library and the excitation spectrum of the oxygen molecule involves many Rydberg transitions, the ET-QZ3P-3Diffuse basis has to be used in the present calculations.
Orbital energies of the oxygen molecule calculated with ET-QZ3P-3Diffuse basis set and using LDAxc, B 88X +P 86C , GRAC, SAOP, and LB94 exchange correlation functionals are given in Table II . It can be seen from Table II that the LDAxc, the B 88X +P 86C , the GRAC, and the SAOP functionals produce the same ground state electron configuration, which is as
But the LB94 functional predicted that the 1 u orbital energy is lower than the 3 g orbital energy, which is contrary to the other functionals. However, this is due to the basis set used, as the orbital ordering of the ground state electron configuration can be corrected by using a "special diffuse" basis set, which contains triple zeta functions for the valence electrons plus one 3p, two 3d, one 4s, and one 4f functions, labeled as O.1s.spd in the ADF basis library. Using this very diffuse O.1s.spd basis, the LB94 functional gives the same level ordering of the ground state as the other four functionals and is in agreement with the electron configuration of the oxygen molecule in the literature. 1, 6 The ground state electron configuration is simply written as 1 u 4 1 g 2 . It is noticed from Table II that the orbital energies are less stable in the calculations of the LDAxc, the B 88X +P 86C , and the GRAC functionals compared to those computed by the SAOP and the LB94 functionals. In fact, the GRAC functional produces no bound virtual orbitals, while the LDAxc and the B 88X +P 86C functionals produce only three bound unoccupied orbitals. The SAOP and the LB94 functionals yield six and seven bound virtual orbitals, respectively. However, the previous Hartree-Fock ͑HF͒ calculations in the literature, 39 although giving a reasonably stable HOMO, gave no bound virtual orbital. This is to be expected since virtual HF orbitals see one electron more than occupied HF orbitals. 40 On the other hand, DFT virtual and occupied orbitals see the same number of electrons. According to fundamental DFT theory 41 ͑Koopmans' theorem is for HF͒, the negative of the HOMO energy is equal to the ionization potential ͑IP͒ energy, if the exchange correlation functional is exact. In practice, the IP derived from this Koopmans-type theorem is not usually the same as the IP calculated from the energy difference of the neutral and the cation species. This is due to approximations used in the exchange correlation functionals and relaxation around the hole. Table II shows that Koopmans' IPs computed using the LDAxc, the B 88X +P 86C , and the GRAC functionals are 6.90, 6.94, and 6.82 eV, respectively, which are much lower than the energy difference IPs calculated using the same functionals ͑12.75 eV for the LDAxc and 12.74 eV for both the B 88X +P 86C and the GRAC͒ and experimental result ͑12.1 eV͒. 42 This indicates that these exchange correlation functionals underestimate the HOMO orbital energy due to the fact that they do not have correct asymptotic behavior, except for the GRAC functional. While the asymptotically correct exchange correlation functionals of the SAOP and the LB94 calculated Koopmans' IPs ͑12.27 eV for the SAOP and 13.27 eV for the LB94͒ are very close to energy difference IPs computed by the same functionals ͑12.25 eV for the SAOP and 13.25 eV for the LB94͒, the difference between the two calculations of IP is only 0.02 eV for both the SAOP and the LB94 functionals. Furthermore, the calculated energy difference IP using either the SAOP or the LB94 functionals is comparable with experiment ͑12.1 eV͒; 42 the deviations are 0.15 and 1.15 eV, respectively. The present Koopmans-type IP calculated from the SAOP functional agree well with a previous exact exchange potential DFT calculated Koopmans' IP of 12.9 eV by Veseth 39 with a deviation of 0.63 eV, but Koopmans' IP calculated by the LB94 functional agree well with the exact local exchange potential DFT Koopmans' IP calculation of 13.6 eV by Görling 42 with a deviation of 0.33 eV. This indicates that the SAOP and the LB94 functionals produce better HOMO orbital energies than the LDAxc, the B 88X +P 86C , and the GRAC functionals. In addition, the HOMO and LUMO orbital energy differences calculated by the LDAxc functional ͑6.62 eV͒ and the B 88X +P 86C functional ͑6.59 eV͒ are much smaller than those computed by the SAOP functional ͑8.89 eV͒ and the LB94 functional ͑9.30 eV͒. However, the GRAC functional, which yields different LUMO orbital ͑3 u ͒ from the other functionals ͑4 g ͒, gives the largest HOMO and LUMO orbital energy gap ͑10.14 eV͒. Since different exchange correlation functionals give different orbital energies and orbital energy gaps, and orbital energies are an important ingredient in the calculations of excitation energies using TDDFT/TDA method, further evaluation of different exchange correlation functionals in excitation energy calculations is required.
Exchange correlation functionals are further evaluated in excitation energy calculations of oxygen molecule by comparing with available experimental results and other theoretical calculations. The excitation energies of the oxygen molecule calculated with ET-QZ3P-3Diffuse basis using the LDAxc, the B 88X +P 86C , the GRAC, the SAOP, and the LB94 functionals are given in Table III . This table shows that the exchange correlation functional has a dramatic impact on the excitation energies, which can vary by as much as 3 eV with different functionals. For example, the excitation energy for the 3 ⌺ u − state differs by 3.24 eV between LDAxc and GRAC. It is noticed that the excitation energies calculated by the LDAxc and the B 88X +P 86C functionals are very similar; the excitation energies computed by the two functionals differ by 0.00-0.32 eV. While the asymptotically corrected SAOP and LB94 functionals also yield similar excitation energies, the differences between the SAOP and the LB94 calculated excitation energies are 0.01-0.40 eV. However, the GRAC functional always gives the largest excitation energies for the listed excited states. Overall, excitation energies computed using the LB94 functional are closest to the experimental results and previous theoretical calculations. The The LUMO calculated by the GRAC functional is 3 u .
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TDDFT energy curves for oxygen J. Chem. Phys. 125, 044314 ͑2006͒ ment. That is 0.12 and 0.52 eV higher than those computed by the CI method, and about 0.37 and 0.32 eV larger than the excitation energies calculated by coupled cluster method. 43 Comparison of experimental potential energy curves of the six lowest bound states ͑X
and A 3 ⌺ u + ͒ of the O 2 molecule with the LB94 functional and the ET-QZ3P-3Diffuse basis calculations within the internuclear distances from 1.0 to 1.8 Å are given in Fig.  1 . In addition, the important B 3 ⌺ u − state due to the Schumann-Runge absorption, the A 1 ⌬ u excited state, and the f 1 ⌺ u + excited state potential energy curves are also shown in Fig. 1 . The lowest three potential energy curves due to the X 3 ⌺ g − , the a 1 ⌬ g , and the b 1 ⌺ g + electronic states have similar shapes and no crossing among them. These shapes are in basic agreement with experimental results, 5 especially the repulsive part of the curves at the small internuclear distance region ͑1.0-1.3 Å͒. However, significant deviations between the experimental and the calculated curves can be observed at larger internuclear distance. In fact, the dissociation limit is considerably overestimated by about 2.6 eV. The difference appears at smaller distance for the higher excited state curves. For the ground state of X 3 ⌺ g − , a difference of about 0.18 eV occurs at the internuclear distance 1.5 Å. For the excited state of a 1 ⌬ g , the difference becomes obvious ͑0.20 eV͒ at the internuclear distance of 1.4 Å. For the higher excited state of b 1 ⌺ g + , the difference can be observed ͑0.20 eV͒ at the internuclear distance of 1.2 Å. The potential energy curves of the second group of excited states, c 1 ⌺ u − , the C 3 ⌬ u , and A 3 ⌺ u + , also have similar shapes and are closely distributed in the nuclear distance interval of 1.0-1.8 Å ͑the c 1 ⌺ u − at the bottom, the C 3 ⌬ u in the middle, and the A 3 ⌺ u + on top͒, which is in qualitative agreement with experiment. 5 However, the calculated excited state curves need to be downshifted by about 1.0 eV to overlap with the experimental curves. The other excited state potential energy curves of B 3 ⌺ u − , A 1 ⌬ u , and f 1 ⌺ u + are quite different. The similarity of the potential energy curves of the electronic states within the first group ͑X 3 ⌺ g − , a 1 ⌬ g , and b 1 ⌺ g + ͒ and within the second group ͑c 1 ⌺ u − , C 3 ⌬ u , and A 3 ⌺ u + ͒ is attributed to the fact that the states in each group are described by the same electron configuration. Thus, the first group, 1 ͑2.5%͔͒. Although curves with double minima were observed in the MCSCF calculations, 1 these were found for the A 1 ⌬ u and the f 1 ⌺ u + excited states. The equilibrium distances, vibrational frequencies, and transition energies corresponding to the different states of the oxygen molecule were calculated with the ET-QZ3P-3Diffuse basis using the LB94 functional and the results are listed in Table IV Excitation spectra of the oxygen molecule calculated with the LDAxc, the B 88X +P 86C , the GRAC, the SAOP, and the LB94 exchange correlation functionals are given in Figs. 2-6, respectively. The ionization threshold, the negative HOMO orbital energy ͑− HOMO ͒, corresponding to each functional is also given in the figures. The excitation spectra of the O 2 in Figs. 2-6 show that the oxygen molecule has no spin allowed absorptions below 6 eV and possesses rich 
Methods and functionals
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TDDFT energy curves for oxygen J. Chem. Phys. 125, 044314 ͑2006͒ spectrum in the energy interval between 14 and 20 eV, which is above the corresponding ionization threshold ͑− HOMO ͒ and in the ionization continuum region. However, a few excitation peaks occur below the ionization threshold for the asymptotically corrected functionals of SAOP and LB94, since the asymptotically corrected SAOP and LB94 functionals produce a larger ionization threshold than the other three functionals as seen in the orbital energy discussion at the beginning of this section. It is noted that the choice of exchange correlation functional strongly influences the position of the predicted absorption lines due to the spectra lying in the ionization continuum region. The LDAxc and the B 88X +P 86C functionals give rise to very similar spectroscopic pattern; both functionals produce one strong absorption band and six peaks of medium intensity. The strong absorption bands predicted by these two functionals are positioned very closed to each other; the envelope peaking is at 19.82 and 19.72 eV, respectively. The asymptotically corrected exchange correlation functionals of the SAOP and LB94 variety also yield similar absorption spectra with one strong band and eight peaks of medium intensity. The locations of the strong band are at 16.09 and 16.42 eV, respectively, for the SAOP and the LB94 functionals. The GRAC functional also produces one strong band and eight medium peaks, but the strong band is now located at 18.61 eV. The strong band predicted by the five aforementioned functionals is in all cases assigned to the 3 ⌺ u − excited state, but corresponds to different orbital transitions. The strong absorption band predicted by the LDAxc functional corresponds to Rydberg orbital transitions of the following types: 2 2u → 8 1g ͑␤ ,24%͒, 2 2u → 4 1g ͑␣ ,19%͒, 3 1g → 10 2u ͑␣ ,14%͒, and 3 1g → 10 2u ͑␤ ,12%͒. In the case of the B 88X +P 86C functional, the strong band originates from the Rydberg orbital transition 1 1u → 3 2g ͑␤ ,99%͒, whereas excitations to 3 ⌺ u − according to the GRAC functional corresponds to the Rydberg orbital transitions 3 1g → 11 2u ͑␤ ,45%͒, 3 1g → 4 2u ͑␣ ,28%͒, and 2 2u → 6 1g ͑␤ ,4%͒ and the valence-type orbital transition of 3 1g → 3 2u ͑␣ ,15%͒. Furthermore, the SAOP functional associates the strong absorption with valence-type orbital transitions of 3 1g → 3 2u ͑␣ ,78%͒ and 3 1g → 3 2u ͑␤ ,8%͒ and Rydberg orbital transition of 3 1g → 4 2u ͑␤ ,8%͒. Finally, the strong band calculated by the LB94 functional corresponds to valence-type orbital transitions of 3 1g → 3 2u ͑␣ ,48%͒ and 3 1g → 3 2u ͑␤ ,24%͒ and Rydberg orbital transition of 3 1g → 4 2u ͑␤ ,20%͒. It can be seen that the excitation energies of the O 2 molecule calculated by the five different exchange correlation functionals are almost all exceeding the negative HOMO orbital energy ͑ionization potential͒ and the excitation energy of the strong band can differ by as much as 2.73 eV with different functionals ͑e.g., LDAxc and SAOP͒. Furthermore, the nature of the orbital transitions associated with the strong band is heavily functional dependent. However, as discussed elsewhere 44 excitations with energies exceeding the ionization potential can only be described correctly by asymptotically corrected functionals such as SAOP and LB94 and only the envelope of the ensample of the peaks has some meaning ͑individual peaks have no meaning above the ionization threshold͒.
CONCLUSION
We have in the present DFT study evaluated ionization potentials for the oxygen molecule both as an energy difference between the neutral molecule and the cation as well as by the HOMO orbital energy using a Koopmans-type DFT theorem. Our study shows that the LDAxc, the B 88X +P 86C , and the GRAC exchange correlation functionals affords Koopmans' IPs that are underestimated by about 6.0 eV compared to the energy difference IP and experiment. On the other hand, the SAOP and the LB94 functionals calculated
